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QUANTUM INFO IN QFT: MOTIVATION

❖  QFT: lingua franca of the high energy world built on principles of quantum 
mechanics & relativistic invariance with amazing predictions and applications, 
from SM of particle physics to inflationary cosmology. 

❖  Formalism is not explicitly geared towards exploiting quantumness of 
quantum mechanics.  Still information to be mined.  

❖  Composite quantum mechanical systems exist in tensor product 
superpositions, with combined unitary evolution of entire system, but not so 
for any subpart. Subsystems evolve non-unitarily generically.

The best possible knowledge of a whole does not necessarily include the best possible knowledge of 
all its parts, even though they may be entirely separate and therefore virtually capable of being 
‘best possibly known’, i.e., of possessing, each of them, a representative of its own. The lack of 
knowledge is by no means due to the interaction being insufficiently known at least not in the 
way that it could possibly be known more completely it is due to the interaction itself.

E. Schrödinger (1935)



QUANTUM INFO BEYOND QFT: MOTIVATION

❖  Lossy evolution of subparts characterized by information theoretic measures: 
von Neumann (entanglement) entropies and suchlike.  

❖  Pertains to all quantum systems but is most striking in applications to black 
hole information problem. 

❖  Notable developments of the past 3 decades:  

✴ sub-extensive nature of von Neumann entropy  

✴ the holographic nature of gravity 

✴ AdS/CFT correspondence 

✴ geometrization of entanglement measures in holography 

✴ holographic map as a quantum error correcting code 

✴ a semi-classical resolution of black hole information problem 



ENTANGLEMENT AND GEOMETRY

❖  Holographic EE proposals relate entanglement 
entropy of field theory to areas of extremal 
surfaces in the geometry.
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There are also some sophisticated software packages, such as Surface Solver [103], developed

for solving the Plateau problem in flat space, that have been exploited to construct exotic

minimal surfaces in AdS4 for a wide range of domains [104, 105].

In the general time-dependent setting, one has to resort to either the shooting method

described above or directly solve the resulting PDEs. It is interesting to contemplate ex-

ploiting the maximin construction to develop a Lorentzian analog of the mean curvature

flow. A naive attempt is guaranteed to fail due to the fact the Lorentzian problem does not

involve elliptic of PDEs courtesy of the temporal direction. We are not aware of an explicit

implementation of such an algorithm to date, but this would allow one to explore general

properties of entanglement dynamics in inhomogeneous time-dependent backgrounds.

Let us illustrate this discussion with various examples, which will prove useful in our

discussions to follow. We will restrict the domain of the bulk AdS spacetime to the region

z > ✏ to regulate the computation of the area integrals. This will serve as a UV cut-o↵ in

the field theory.
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Figure 6.1: Sketch of an extremal surface in pure AdS3 in Poincaré coordinates.

1. Vacuum state of CFT2 on R
1,1: We take the region to be an interval of size 2a

centered around the origin, viz., A = {x 2 R|x 2 (�a, a)}. The dual geometry we need is

the Poincaré-AdS3 spacetime (4.2.5) with d = 2. Restricting attention to t = 0 by virtue of

staticity, we find that we need to find a spacelike geodesic in the xz plane. This can be done

by writing down the induced metric on a curve and the geodesic action:

S = 4⇡ ce↵

Z p
x0(⇠)2 + z0(⇠)2

z
d⇠ (6.1.12)

Varying this action, one can check that the resulting equations of motion are solved by a

semi-circle in the xz plane, cf., the illustration in Fig. 6.1

x(⇠) = a cos ⇠ , z(⇠) = a sin ⇠ (6.1.13)

and the length of this curve evaluates for us the entanglement entropy.
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point p to be non-timelike related to all the points in the timestrip Tp, we can equivalently

view p as belonging to the intersection of the bulk causal future and bulk casual past of the

boundary time-strip. Moreover it is clear that any point which lies within this region can be

represented by smearing boundary operators in the time-strip.
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Figure 13.5: Depiction of the causal wedge WC [D[A]] for a boundary domain of dependence. On

the left, we plot the causal wedge in Poincaé coordinates, and on the right, we depict

the domains WC [D[A]] and WC [D[Ac]] in global AdS spacetime. In pure AdSd+1, the

latter is coincides with a Rindler decomposition, but as we shall see later, this does not

always have to hold.

This brings us to the definition of a bulk domain that is determined purely on causal

grounds. Consider a boundary causal domain D. This can be a time-strip T or even the

domain of dependence D[A] of some subregion A which forms its Cauchy surface. Utilizing

the causal structure of the bulk spacetime, we can define a bulk codimension-0 region, which

we call the causal wedge of this boundary domain, denoted WC[D]. In the case of a boundary

domain of dependence, we will rely on the fact that the prescription of the Cauchy surface

su�ces to equivalently use the notation WC[A].

The causal wedge of a boundary domain D is simply the set of bulk points that are able

to communicate with and receive communication from the said domain. To wit,

WC[D] = J̃+[D] \ J̃�[D] (13.2.9)

❖ Including quantum corrections, one finds a certain 
optimization problem in the gravitation setting: the 
quantum extremal surface prescription, optimizes a 
gravitational entropy (which includes the area as 
leading contribution).

❖  Quantum gravity in an asymptotically AdS spacetime is dual to a non-
gravitational quantum field theory. As complete quantum theories the two are 
identical, and have isomorphic Hilbert spaces.



HOLOGRAPHIC MAP AS ERROR CORRECTION 

❖  How does one reconstruct gravitational data, i.e., recover geometry as we 
know it? 

❖  Semi-classical gravity Hilbert space is 
smaller than the full quantum gravity Hilbert 
space — this is embedded into the dual QFT 
Hilbert space. 

❖  The holographic encoding of geometry is 
analogous to quantum error correcting 
maps.
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Figure 13.8: Two non-trivial situations involving local operator reconstruction. In the first instance,

on the left, we have a bulk point that is the entanglement wedge of the union of two

regions (red), but it cannot be reconstructed from either of the individual regions

(green and purple) nor their mutual intersection (red). On the right, we illustrate the

circumstance in which the bulk point is not reconstructible from any one single region,

but can be represented in the union of any pair of regions.

construction, though the change in the boundary algebra is infinitesimal. We can go on and

concoct even more exotic behaviour by picking a collection of small regions Ai which are

initially far enough apart, and Vol([i Ai) = 1
2 Vol(⌃) � �V . Deforming the regions slightly,

we again encounter a jump in the extremal surface from the disconnected to the connected

one once Vol([i Ai) = 1
2 Vol(⌃) + �V . This leads to a macroscopically di↵erent domain of

the spacetime being reconstructible from the subregions!

All told, these examples illustrate that the features of subregion/subregion duality are

❖Very well understood in tensor network models of holography (see Brian 
Swingle’s talk).



TELEPORTATION AND WORMHOLES

❖Opens up exciting prospects for 
understanding and constructing new 
communication protocols in QFTs, which 
is tantamount to building spatial 
wormholes in gravity.
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Papapetrou and Treder, '4 who found that they are
allowed on null hypersurfaces if, and only if, the
discontinuities of g, , can be written as

(72)

where the b „are subject to

so that (73) is always satisfied. However, it follows
from (29) and (74) that such discontinuities are not
real, in the sense that they can be transformed away by
a suitable choice of the coordinates. ""
On the other hand, in the case of transverse waves,

one has
(75)

(bmm sgmng" bra)L

In the case of longitudinal waves, one has
so that (73) reduces to

(73')

gtn74b —Q (76)
b „= 2jf'j—L„L„, (74)

"A. Papapetrou and H. Treder, Math. Nachr. 20, 53 (1959);
Ann. Physik (7) 3, 360 (1959).

which means that the discontinuities of the first de-
rivatives of g „have to be such that the 6rst derivative
of g= 8'—AC remains continuous.

P H YSI CAL REVIEW VOLUME 118, NUMBER 4 MAY 15, 1960

Wormhole Initial Conditions*
CHARLES W. MISNER'l

Palmer Physica/ Laboratory, Princeton University, Princeton, 1V'em Jersey
(Received December 21, 1959)

Initial conditions for the source-free Einstein equations are exhibited which represent, in a singularity-free
manner on a manifold with the topology of Wheeler's "wormhole, " two neutral objects of equal positive
masses instantaneously at rest.

~

~T the time Wheeler erst showed' that classical
objects (geons) behaving like massive particles

could be constructed theoretically from gravitational
and electromagnetic fields, he suggested that charged
particles could also be constructed from these 6elds.
The existence of charged particles in the Einstein-
Maxwell theory, vrith the charge-current density every-
where zero, requires a departure from Euclidean
topology. One example of a suitable topology, the
"wormhole, "is shown in Fig. 1. It has been shown' that

Fin. 1. A coordinate plane (+=0, e.) through the symmetry
axis of the "wormhole" metric is sketched here imbedded in a
fictitious 3-space to show the topology and curvature. At large
distances all the coordinate lines, p, =const and 8=const, are
arcs of circles.

*This research was supported by the Office of Naval Research.
f Alfred P. Sloan Research Fellow.' J. A. Wheeler, Phys. Rev. 97, 511 (1955).' C. W. Misner and J. A. Wheeler, Ann. Phys. 2, 594 (1957).

solutions of the Einstein-Maxwell equations actually
exist which can be interpreted (in a classical ideali-
zation) as spaces containing charged, massive, particles;
these examples have topologies somewhat different
from the wormhole. In this note we shall show that a
solution of the Einstein equations exists having the
form shown in Fig. 1. The solution given here refers to
the special case of a wormhole free of electromagnetic
field, and therefore, the two ends or "mouths" of the
wormhole behave as neutral concentrations of mass
energy.
Rather than attempt to solve the entire set of

Einstein equa, tions in the wormhole topology we
restrict ourselves to the initial value equations, '
R„'——,'8„'E=O, on one fixed hypersurface t=O. These
equations (analogous to V' K=0=V H in electro-
magnetism) and free of second time derivatives and,
therefore, impose restrictions on the initial values to be
specified for g„„and Bg„„(r)t (The rema. ining Einstein
equations serve to determine the second time deriva-
tives. ) Choosing for simplicity a time symmetric
problem' where, initially, Bg„„(8t=0 and g»———5„', these
equations reduce to the single condition

'E=O,

where 'E is the curvature scalar for the three-
dimensional metric g;; of this initial surface. Corre-

s Dieter R. Brill, Ann. Phys. 7, 466 (1959).

❖  Starting with a suitably entangled state of QFTs one can set up a 
teleportation protocol that geometrically constructs such wormholes in 
gravity.  

❖  Ongoing efforts to understand the feasibility of constructing traversable 
wormholes with Standard Model matter. 

❖  Prospects for realizing such constructions in the lab using low dimensional 
quantum mechanical avatars of holography (eg., SYK model). 
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BLACK HOLE INFORMATION: REPLICA WORMHOLES

❖  Recovery of the Page curve from new semiclassical configurations is a 
remarkable development.  

❖  Specific configurations that lead to the answer however are exotic spacetime 
(replica) wormholes, wherein different universes get connected through non-
trivial topology.  

❖  Raises important questions about the nature of quantum gravity and 
information:  

❖  Dynamical process whereby the new geometries take over the real-time 
evolution is yet to be fully understood (analogy with tunneling solutions). 

❖  Suggests qualitative difference between tracing out and random 
projections, which could be interesting to explore information theoretically. 



EVOLUTION OF INFORMATION

❖  Classically black holes are efficient processors of information, giving striking 
bounds on quantum information processing rates  when translated to the dual 
field theory. 

❖  For example: bound on transport (shear viscosity/entropy density ratio)
<latexit sha1_base64="u32Asyl1iE4AbdVCC9bEq3vCOz0="></latexit>
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❖  More robust bound on growth of out-of-time-order observables which relates 
to quantum chaotic dynamics:



INFORMATION, UNITARITY, AND QUANTUM BOUNDS

Energy conditions on matter 

(average null energy condition 

and its quantum avatars)

Chaos bound

High energy (large boost)  

limit of correlators

Information theoretic inequalities 
(strong subadditivity & 
generalizations)

Constraints on 
renormalization 
group flows



THE HEP-QIS WISHLIST

❖  Dynamics of information evolution in QFTs and its implications for quantum 
gravity (eg., black hole information) 

❖  Information in quantum gravity beyond semiclassical regime 

❖  Understanding the origins of geometry: how does entanglement serve as 
the glue that binds together bits of spacetime 

❖  Optimizing information theoretic protocols for fast scrambling systems. 

❖  Bounds on information: which quantum states are realizable?  

❖  Lessons for open quantum systems…

❖  Develop a QI centric framework for QFT, with applications to quantum gravity
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